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The Rex-family repressors sense redox levels by alternative binding to NADH or NAD+. Unlike other Rex
proteins that regulate aerobic respiration, RSP controls ethanol fermentation in the obligate anaerobe
Thermoanaerobacter ethanolicus JW200T. It is also found in other anaerobic microorganisms. Here we
present the crystal structures of apo-RSP, RSP/NADH and RSP/NAD+/DNA, which are the ﬁrst structures
of Rex-family members from an obligate anaerobe. RSP functions as a homodimer. It assumes an open
conformation when bound to the operator DNA and a closed conformation when not DNA-bound. The
DNA binds to the N-terminal winged-helix domain and the dinucleotide, either reduced or oxidized,
binds to the C-terminal Rossmann-fold domain. The two distinct orientations of nicotinamide ring, anti
in NADH and syn in NAD+, give rise to two sets of protein–ligand interactions. Consequently, NADH bind-
ing makes RSP into a closed conformation, which does not bind to DNA. Both the conserved residues and
the DNA speciﬁcity of RSP show a number of variations from those of the aerobic Rex, reﬂecting different
structural bases for redox-sensing by the anaerobic and aerobic Rex-family members.
 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Negative control of gene expression involves repressors, which
prevent transcription by occupying the cognitive operator regions
of DNA. In response to environmental changes that signal the need
for speciﬁc gene products, the repressors undergo structural
transformations and dissociate from the operators, allowing RNA
polymerases to access the coding regions of the genes. Most
repressors sense the signals by allosteric interactions with induc-
ers. A popular example is the Lac repressor of Escherichia coli,
which functions as a dimer of dimers (Bell and Lewis, 2001). Each
monomer comprises a DNA-binding domain and a core domain,
the latter further divided into N and C subdomains. Upon binding
of allolactose or isopropyl b-D-thiogalactoside (IPTG), theinteractions between N subdomains are disrupted and the signal
propagates to the DNA-binding domains, resulting in an induced
conformation.
Another example is the Rex-family repressors. They are nega-
tive regulatory proteins that control the expression of genes in aer-
obic respiration and related metabolic pathways (Brekasis and
Paget, 2003). Rex functions as a dimer by incorporating either
NAD+ or NADH in the C-terminal Rossmann-fold domain
(Nakamura et al., 2007; Sickmier et al., 2005; Wang et al., 2008).
The nicotinamide of NAD+ is bound with the syn orientation, which
allows Rex an open conformation for binding to the Rop operator
by the N-terminal winged-helix domain. Substitution of NAD+ by
NADH, which has a higher afﬁnity and binds to Rex with the anti
orientation, results in a closed conformation that prevents Rex
from Rop binding (McLaughlin et al., 2010). In this way, Rex
directly senses the NADH and NAD+ concentrations as a redox state
indicator, and actively regulates the metabolic pathways at the
transcription level. It is different, and probably more efﬁcient, than
other redox-sensing mechanisms that involve, for example, inter-
molecular disulﬁde bond formation (Barford, 2004). The switching
between reduced and oxidized forms of the same cofactor also pre-
sents a distinct mechanism from that of an inducer.
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from various genera including Bacillus, Streptomyces, Streptococcus,
Staphylococcus and Thermoanaerobacter, but also in thermophiles
from other phyla such as Thermus and Thermotoga. In Bacillus
subtilis, the protein YdiH is a Rex-like repressor of a respiratory oxi-
dase, two dehydrogenases, and a transporter (Gyan et al., 2006). In
Staphylococcus aureus, Rex is a central regulator of anaerobic
metabolism (Pagels et al., 2010). Rex is also involved in oxidative
stress and bioﬁlm formation in Streptococcus mutans (Bitoun
et al., 2012), as well as hydrogen production by Thermotoga mariti-
ma (Ravcheev et al., 2012). The Rex structures of aerobic group
from Thermus, Bacillus and Streptococcus (known as T-Rex, B-Rex
and S-Rex) have been determined, either alone or with bound
cofactor and/or DNA (McLaughlin et al., 2010; Nakamura et al.,
2007; Sickmier et al., 2005; Wang et al., 2008) (PDB ID: 1XCB,
2DT5, 2VT2, 2VT3, 3IKT, 3IKV, 3IL2, 3KEO, 3KEQ and 3KET;
Table S1). Although the above structures have consistently
explained how Rex regulates energy metabolism and aerobic respi-
ration, the Rex-like proteins and the operator DNA in anaerobic
bacteria show signiﬁcant differences from those in aerobic bacteria
(Ravcheev et al., 2012).
In our earlier work, we cloned, expressed and characterized a
Rex ortholog termed RSP (for redox sensing protein) from Thermo-
anaerobacter ethanolicus. It binds to palindromic sequences of
50-ATTGTTANNNNNNTAACAAT-30 in the transcription regulation
regions (TRR) of genes adhA, adhB and adhE, which encode key
alcohol dehydrogenases in the ethanol fermentation pathway of
Thermoanaerobacter (Pei et al., 2010). The binding of RSP can
repress the transcription of these genes and affect the production
of ethanol (Pei et al., 2011) (Fig. 1). We have shown that NADH
or high concentration of NAD+ inhibited the formation of RSP/
DNA complexes; that RSP alone inhibited in vitro transcription of
adhB, which was subsequently recovered by adding NADH; that
NAD+ interfered with the effects of NADH on RSP; and that the
speciﬁcity and length of TRR sequence were signiﬁcant (Pei et al.,
2011). To further investigate the mechanism by which RSP
regulates these genes, we expressed and puriﬁed the protein for
crystallographic studies. Here we present the X-ray structures of
RSP in an apo-form, in binary complex with NADH, and in ternary
complex with NAD+ and DNA. Comparison of the protein–ligand
and protein–DNA interactions with those in the other Rex struc-
tures provides a comprehensive picture of ligand-dependent con-
formational variations and the origin of DNA sequence speciﬁcity
in anaerobic microbes.Fig.1. Metabolic regulation by RSP. The genes adhA, adhB and adhE involved in ethanol
termed TRR. When NAD+ is replaced by NADH, RSP adopts a closed form and cannot bi
colored bases and the complementary bases of the orange-colored ones are recognized by
(For interpretation of the references to color in this ﬁgure legend, the reader is referred2. Materials and methods
2.1. Preparation of DNA oligonucleotides and RSP protein
The RSP gene was obtained from the genomic DNA of T. ethan-
olicus by using the primers 50-CCCCCATGGAGAGCAAAAAGACTA-
TAGTATC-30 (forward) and 50-CCCCTCGAGCCCATCTATTTTAGCA
GTTTC-30 (reverse), and subsequently cloned into pET28a vector
at NcoI/XhoI sites to make the plasmid pET28a-RSP. Gene expres-
sion in E. coli BL21 (DE3) cells harboring pET28a-RSP was induced
by adding IPTG. After 6 h of expression at 30 C, cells were har-
vested. The cell pellets were re-suspended with 50 mM Tris–HCl,
pH 7.8 and disrupted by sonication. The supernatant was applied
to DEAE Sepharose FF pre-equilibrated with the same buffer and
eluted by using NaCl gradient. All fractions were analyzed by using
SDS–PAGE and the fractions with RSP protein were pooled and
brought to 60% saturated (NH4)2SO4 at 4 C. The pellets were dis-
solved in 150 mM NaCl, 25 mM Tris–HCl, pH 7.5 and dialyzed
against the same buffer to remove (NH4)2SO4. The puriﬁed RSP pro-
tein was ﬁnally concentrated to 10 mg ml1 for crystallization.
Partial palindromic sticky-end DNA oligonucleotides of various
lengths (21–24 bases in 1-base increments) were designed
according to the consensus sequences of RSP operator sites and
synthesized by Sangon Co. (Shanghai, China) for use in co-
crystallization. Only the 24-base oligonucleotides of 50-TAGATTG
TTAAATGAATAACAATC-30 and 50-TAGATTGTTATTCATTTAACAA
TC-30 (RSP operator concensus site in bold) yielded diffraction data
of sufﬁcient quality for structure determination. Double-stranded
DNA were prepared by annealing complementary oligonucleotides
(2.1 mM each) in 50 mM NaCl, 1 mM EDTA and 10 mM Tris pH 8.0,
heating the reaction to 95 C for 5 min and allowing it to cool
slowly from 95 C to 25 C in 45 min.
2.2. Crystallization and data collection
The RSP protein was ﬁrstly crystallized as an apo-form by using
the PEG Ion 2 kit (Hampton Research) and sitting-drop vapor diffu-
sion method. 1 ll of the protein solution (10 mg ml1 in 150 mM
NaCl and 25 mM Tris–HCl, pH 7.5) was mixed with 1 ll of reser-
voir, equilibrating with the 300 ll of the reservoir at room temper-
ature. The optimal crystallization condition was 20% w/v
polyethylene glycol (PEG) 3350, 0.4 M (NH4)2SO4 and 0.1 M Bis-
Tris, pH 5.5. The protein was also co-crystallized with NADH by
using 5 mM NADH, whereas the optimized condition was 14.4%production from acetyl-CoA are repressed by RSP binding to their operator regions,
nd TRR. The palindrome or partial palindrome sequences are underlined. The blue-
RSP. When plenty of NADH is present, it binds to RSP and results in gene induction.
to the web version of this article.)
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cacodylate, pH 6.5. Crystallization of the ternary complex of RSP
with DNA and NAD+ was achieved by using 0.39 mM RSP protein,
0.21 mM DNA oligonucleotides and 1 mM NAD+. The optimized
conditions for RSP/NAD+/DNA complex crystals were 20% PEG
3350 and 0.2 M sodium malonate pH 6.0.
All X-ray diffraction experiments were carried out at the
National Synchrotron Radiation Research Center (NSRRC;
BL13B1) in Hsinchu, Taiwan. A cryoprotectant of 25% w/v PEG
3350, 0.6 M (NH4)2SO4, 8% glycerol and 0.15 M Bis-Tris pH 5.5
was used for the RSP/NADH crystal. The RSP/NAD+/DNA crystal
used 25% w/v PEG 3350, 10% glycerol and 0.22 M sodiummalonate,
pH 6.0. The apo-form crystal did not need a cryoprotectant. The
data were collected to about 2-Å resolution for the apo-form and
dinucleotide complex crystals, and to 3.25 Å for the ternary com-
plex. The program HKL2000 (Otwinowski and Minor, 1997) was
employed in processing the diffraction images.
2.3. Structure determination and reﬁnement
The apo-form crystal structure of RSP was ﬁrst determined by
molecular replacement (MR), using the program CNS (Brunger
et al., 1998). The Rex dimer AB from PDB 1XCB was employed as
a search model. After rigid-body reﬁnement, a 2Fo-Fc difference
map was calculated and the side chains were replaced, using the
program COOT (Emsley et al., 2010; Project, 1994). Further reﬁne-
ment was carried out by using CNS with simulated annealing
(Brunger et al., 1998) and REFMAC5 with TLS and isotropic temper-
ature factors (Murshudov et al., 2011). Incorporation of moderate
non-crystallographic symmetry (NCS) restraints greatly expedited
model improvement. The RSP/NADH complex structure was then
solved, also by MR, using the apo-RSP model. The dinucleotide
ligands in the complex crystal were clearly observed in the initial
2Fo-Fc maps.
The MR solution of the RSP/NAD+/DNA complex had to use a
protein monomer as the search model. Four RSP molecules were
located, constituting two dimers, and the dimer conformation
turned out to be different from those in the other crystals. With
strong NCS restraints, the protein-only model (plus the bound
NAD+) was reﬁned to R/Rfree values of 0.32/0.35. Difference Fourier
maps at this stage showed a number of protein-bound densities on
the N-terminal side, which were once modeled as sulfate ions butTable 1
Data collection and reﬁnement statistics of the RSP crystals. Numbers in parentheses are
Apo-form
Data collection
Space group P212121
Unit cell a, b, c (Å) 73.4, 90.1, 171.6
b ()
Resolution (Å) 25–1.97 (2.04–1.97)
Unique reﬂections 80854 (7985)
Average redundancy 12.1 (11.7)
Completeness (%) 99.9 (99.9)
Average <I>/<r(I)> 44.5 (7.1)
Rmerge (%) 4.9 (36.1)
Reﬁnement
No. of reﬂections 77796 (6865)
Rwork (95% data) 0.198 (0.218)
Rfree (5% data) 0.252 (0.282)
RMSD bonds (Å) 0.0165
RMSD angles () 1.77
Ramachandran (%)
Favored 96.1
Allowed 2.6
Outliers 1.3
PDB code 3WG9later replaced by the phosphate backbone of DNA. The ﬁnal model
contains four identical oligonucleotides with the sequence 50-
TAGATTGTTAATCGATTAACAATC-30, representing an average. The
use of NCS restraints resulted in small root-mean-square devia-
tions (RMSD) of 0.102–0.105 Å for protein and 0.067–0.077 Å for
DNA.
Some statistics of the data collection and reﬁnement results can
be found in Table 1. Analysis of the RSP structures and comparison
with other Rex-family structures employed the programs O (Jones
et al., 1991) and COOT (Emsley et al., 2010). These structures were
evaluated by using MolProbity (Chen et al., 2010). Preparation of
most ﬁgures was carried out by using PyMOL (http://
pymol.sourceforge.net/).
3. Results
3.1. Overall structure in two conformations
The repressor RSP forms a dimer (Fig. 2A). Each monomer com-
prises two domains (Fig. 2B). The N-terminal domain (NTD; resi-
dues 1–82) is folded into four a-helices and two small b-sheets.
The C-terminal domain (CTD; residues 83–193) contains seven b-
strands and four a-helices (Fig. 2C). Upon dimer formation, the
C-terminal segment (residues 194–224) of one monomer pene-
trates into the other monomer and intercalate between its NTD
and CTD. All RSP dimers in the apo-form and RSP/NADH crystals
show a similar closed conformation. The RMSD were 0.7–0.8 Å
between 362–407 pairs of Ca atoms within a matching criterion
of 2.0 Å (Fig. S1). The largest deviations occur in NTD, suggesting
a ﬂexible winged helix-turn-helix region. In fact, several residues
in the vicinity of strand b2a (about Gly60) were disordered in three
chains of the apo-form and in both chains of the RSP/NADH crystals
(Table S2).
The closed RSP dimers superimpose quite well with those of T-
Rex and S-Rex, by RMSD of 1.7–2.0 Å between 262–334 pairs of Ca
atoms within 3.5 Å distance (Fig. S2A and S2B). If monomers are
superimposed, the RMSD will be reduced to 1.4–1.8 Å between
178–196 Ca atom pairs (Fig. S2C and S2D), suggesting that the con-
formational difference of dimers is due in part to rigid-body move-
ment of the monomers. In general CTD matches better, while NTD
shows considerable ﬂexibility. Because the C-terminal segment
associates more closely with the other monomer in a dimer, it isfor the outermost resolution shells.
NADH NAD+/DNA
P21 P212121
56.8, 75.1, 59.2 96.0, 116.4, 132.9
94.4
25–2.05 (2.12–2.05) 25–3.25 (3.37–3.25)
30614 (2760) 23962 (2340)
4.0 (3.4) 3.8 (3.8)
98.1 (88.5) 99.8 (100.0)
26.7 (2.2) 20.9 (3.0)
5.3 (43.4) 7.2 (54.3)
29306 (2407) 22664 (1961)
0.177 (0.231) 0.193 (0.309)
0.237 (0.290) 0.228 (0.343)
0.0171 0.0140
1.71 1.58
96.8 89.5
3.0 9.7
0.2 0.8
3WGH 3WGI
Fig.2. Overall structure of RSP. (A) The RSP dimer is shown with the two monomers colored green and blue. (B) The RSP monomer is shown with the a-helices colored blue in
NTD and red in CTD, whereas the b-strands are in yellow. Helices and strands are labeled, as well as the N and C termini. The bound NAD+ is shown as a cyan stick model. (C)
Sequence alignment of representative members of the Rex family from anaerobic (top 6 sequences) and aerobic (bottom 3 sequences) microbes. The RSP sequence is on the
top, with the secondary structural elements and the residue numbers for RSP indicated above the sequence. The Refseq numbers and pairwise sequence identities between
RSP and each homologue are: Ethanoligenens (ABY57732.1, 50% identity), Anaerococcus (WP_004838050.1, 49% identity), Eubacterium (WP_022234707.1, 48% identity),
Clostridium (WP_022281615.1, 47% identity), Ruminococcus (WP_022050025.1, 48% identity), Thermus (AAD22519, 42% identity), Bacillus (NP_388478, 34% identity),
Streptococcus (NP_372570, 31% identity). The key residues for conformational change in anaerobic and aerobic microbes are marked with asterisks and triangles, respectively.
The circles indicate the key residues for DNA sequence speciﬁcity. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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deviate signiﬁcantly (Fig. S2C and S2D). Here the longer RSP con-
tains an additional helix a8b. In B-Rex the NTD has a different out-
stretched disposition, but the dimers of RSP and B-Rex can be
superimposed with RMSD of 1.8–1.9 Å between 205–211 pairs of
Ca atoms in CTD. Superposition of the NTD of RSP and B-Rex shows
RMSD of 1.1–1.3 Å between 66–74 pairs of Ca atoms (Fig. S2E and
S2F).
When bound to DNA, both T-Rex and S-Rex show an open con-
formation, and so does RSP. The asymmetric unit of RSP/NAD+/DNA
crystal contains two RSP dimers bound separately to two segments
of double-stranded DNA (Fig. S3A). The strong electron densitysuggested full DNA occupancy (Fig. S4). The DNA-bound dimers
of RSP, T-Rex and S-Rex can be superimposed with RMSD of
1.5–1.7 Å between 378–393 pairs of Ca atoms within 3.5 Å
(Fig. S3B and S3C). The DNA segments deviate by 1.0–1.2 Å
between 36–44 pairs of C10 atoms. These lower RMSDs indicate
that the open-form repressor is less ﬂexible than the closed-form,
probably stabilized by DNA binding. It has been reported that the
open and closed T-Rex dimers are related by a 43 rigid-body
rotation of one monomer (McLaughlin et al., 2010). In RSP similar
but not as large rigid-body rotations of 21–26 are seen (Fig. 3), with
the swapped helices a8a and a8b of the other monomer moved
together. The largest deviations occur in the regions of helix a2
Fig.3. Open-close transformational change of RSP. The open-form RSP model (green) with bound DNA (yellow) is superimposed on the closed-form (pink) using one
monomer, and both are shown as cartoon drawings. The N-terminal helices a1 – 4 of the rotated monomer are labeled. The NAD+ and NADH molecules are shown as grey
spheres.
Y. Zheng et al. / Journal of Structural Biology 188 (2014) 195–204 199and strands b2a/2b (the wing), which are involved in DNA contacts.
Tyr102, Asp129, Gln158 and Pro179 also deviate signiﬁcantly.
3.2. Interactions of NADH with the closed dimer
In the RSP/NADH crystal each RSP monomer contains a bound
dinucleotide (Fig. S5A). The dinucleotide ligand binds to the C-ter-
minal end of the central ﬁve-stranded b-sheet in CTD. Only minor
conformational differences are observed between the apo-form
and ligand-bound RSP (Fig. S1). In the T-Rex/NADH and S-Rex/
NAD+ complex structures, the dimers also show domain ﬂexibility
but in general both assume the closed conformation. In B-Rex,
which has an extended conformation, the nicotinamide-ribose
moiety of the bound NADH is disordered.
As shown in Fig. 4A, the adenine ring binds to a nonpolar pocket
lined by Ile90, Ile118, Val135, Ile154 and Pro155 near the protein
surface. It is sandwiched between the side chains of Ile118 and
Ile154, and presumably stabilized by strong van der Waals
(VDW) interactions. Besides, the adenine N6 forms hydrogen bond
(HB) with Thr162 (OG1). The A-ribose ring shows VDW interac-
tions with Gly91 and Pro155, and its 20-OH and 30-OH also form
HBs with the side chain of Asp117, which forms further HBs to
Ala92 and Asn119. These two hydroxyl groups are facing the bulk
solvent and the binding mode allows sufﬁcient space to accommo-
date a 20-phosphate group if the ligand is NADP. However, judging
by the negatively charged environment, with the nearby Asp117,
NADP binding is probably not favored. The pyrophosphate of
NADH binds to the N-terminal end of helix a5a, forming two HBs
with Asn94 and Leu95.
The 30-OH of N-ribose is hydrogen bonded to the backbone O of
Ile154 and the sugar ring is in VDW contacts with the Leu95 and
Leu178 side chains (Fig. 4B). The nicotinamide ring, which shows
an anti orientation, stacks with the Tyr102’ (the residue from the
other monomer designated by an apostrophe) side chain. It is also
surrounded by Leu95, Phe177 and Leu195 of one monomer, as well
as Ala98’, Ile99’ and Phe105’ of the other. Its amide group forms
three HBs to Phe177 (O), Val193 (O) and Leu195 (N). A cacodylate
ion is bound to Arg20 and His194’ at the dimer interface, with two
nearby zinc ions (Fig. S6A). Besides, in the presence of 0.4 M
(NH4)2SO4, a sulfate ion was bound to the N-terminus of helix a2(Fig. S6B), which may correspond to a phosphate binding site for
DNA.
3.3. Interactions of NAD+ and DNA with the open dimer
In the RSP/NAD+/DNA complex, each RSP dimer is bound to a
double-stranded 22-base-pair DNA segment of TRR with a two-
nucleotide overhang at the 50-end (Fig. S3A) and each RSP
monomer contains a bound NAD+ molecule (Fig. 5C, S5B). The
ADP moiety of NAD+ has similar interactions with the protein as
in the RSP/NADH crystal (Fig. 4C). The N-ribose also binds in a
similar way but by the 20-OH. It makes an additional HB to
Tyr102’. The nicotinamide ring assumes the syn orientation and
stacks with Tyr102’ in a different way from that of NADH. The
amide is hydrogen bonded to Ala98’ and the pyrophosphate, the
latter forming a closed loop within the nucleotide. The ring also
makes VDW contacts with the side chains of Leu95, Leu195,
Ile99’ and Phe105’ (Fig. 4D). NAD+ appears to make fewer bonds
to RSP than does NADH.
Although the DNA sequence is not exactly palindromic, the dou-
ble-stranded segment can bind in two different ways to the RSP
dimer and the averaging effects make it difﬁcult to resolve the base
pairs. Therefore all four DNA strands were modeled as identical 24-
base oligonucleotides of 50-TAGATTGTTAATCGATTAACAATC-30,
numbered 299–322 (Fig. 6A). RSP binds to DNA by using NTD,
which contains a winged helix-turn-helix motif with secondary
structure elements H1-S1-H2-H3-S2-W1-S3-W2 (Gajiwala and
Burley, 2000). Here H3 corresponds to the recognition helix a3,
the ﬁrst wing W1 between b2a and b2b is very short, the second
wingW2 is absent and strand b2b is directly connected to helix a4.
In each of the two half sites 50-GATTGTTAATC-30, the RSP-DNA
interface involves only one NTD but covers both DNA strands. It
can be roughly divided into two parts by helix a3 and the base pair
Thy306-Ade317’ (Fig. 6B, 6C). The ﬁrst part involves the segment
50-ATTG-30 of one strand and the second part involves 50-ATTA-30
of the other (Fig. 6C, left). The interface shows 17 direct HBs
between the protein and DNA (Fig. 4E and F; Table S3). The most
involved DNA residue is Gua305, which forms six HBs to four
protein residues. Arg14 and Arg50 are conserved in all Rex-family
proteins and important in DNA binding. Arg14 binds to the
Fig.4. Detailed interactions of RSP with NADH, NAD+ and DNA. The dinucleotide is shown as a thick stick model with pink (NADH) or yellow (NAD+) carbon atoms, and the
protein residues as thin sticks with cyan carbons. The participating amino acids are labeled, with apostrophes denoting the other monomer. Hydrogen bonds are indicated by
black dashes. In (A) the view is centered on the NADH adenosine and pyrophosphate moieties. In (B) the view is switched to the nicotinamide-ribose part. In (C) and (D),
interactions with NAD+ are shown in the same way as (A) and (B). Interactions in the ﬁrst part of the RSP–DNA interface are shown in (E). The carbon atoms in RSP are colored
cyan and the DNA strand is colored magenta. In (F), interactions in the second part of RSP–DNA interface mainly involve the complementary strand colored yellow. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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addition, the methyl group of Thy306 ﬁts into a nonpolar pocket
in helix a3, with a distance of 3.7 Å from the Ca of Gln51, in a
way similar to ‘‘knobs into holes’’ arrangement of two juxtaposed
a-helices.
4. Discussion
4.1. Transcriptional regulation of ethanol production in T. ethanolicus
JW200 by RSP
Central to carbohydrate metabolism, glycolysis generates
pyruvate, ATP and NADH. ATP is a major source of energy and
NADH provides reducing power for various biosynthetic pathways.In aerobic respiration, more ATP is generated by oxidative phos-
phorylation that uses NADH to reduce oxygen to water. Without
oxygen, the reducing potential of NADH is transferred to other
metabolic intermediates instead of generating ATP. One familiar
example is the accumulation of lactic acid in muscle upon strenu-
ous exercise. Another example is yeast fermentation that produces
ethanol and CO2. Facultative anaerobes contain alternative respira-
tory genes. Some of these genes are regulated by the Rex-family
repressors, which sense the intracellular NADH and NAD+ levels.
On the other hand, many ‘‘living fossils’’ found in extreme environ-
ments retain anaerobic traits as a relic of the time before oxygen
revolution – the emergence of oxygenic photosynthesis.
T. ethanolicus JW200 is an obligate anaerobic and ethanol-
producing bacterium that ferments glucose into ethanol and CO2.
Fig.5. Differences between RSP and T-Rex in cofactor binding modes. (A) NADH bound to RSP and T-Rex. The carbon atoms in RSP/NADH and T-Rex/NADH are colored cyan
and yellow, respectively. NADH is shown as a thin stick model, and the protein residues as thick sticks. The participating amino acids are labeled, with apostrophes denoting
the other monomer. Hydrogen bonds are indicated by black dashes. (B) NAD+ in the complexes of RSP/NAD+/TRR and T-Rex/NAD+/Rop are shown in the same way as in (A).
The asymmetric Phe189 (pink) in T-Rex/NADH is shown for comparison. (C) The distance between two nicotinamide rings in the RSP/NAD+/TRR complex is indicated by black
dashed line. The electron density map of two NAD+ molecules is shown. The Fo-Fc omit map is contoured at 3.0 level. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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phorylation, but are related to alcohol dehydrogenases (Pei et al.,
2011).
Previously we showed that the in vitro transcription of adhBwas
repressed by RSP but recovered by adding NADH (Pei et al., 2011).
NADH also prevented Rex-DNA complex formation, whereas 5 to
10-fold or even higher NAD+ was required for recovering the
DNA binding activity (Pagels et al., 2010; Pei et al., 2011). The
strong binding of NADH to Rex-family repressors results in a closed
conformation that does not bind to DNA, leading to transcription of
the operator genes. On the other hand, although NAD+ enhances
DNA binding, it is not a necessity (Pei et al., 2011; Wang et al.,
2008). The T-Rex mutant R90D did not bind to NAD+ but showed
the open conformation either alone or DNA-bound (McLaughlin
et al., 2010). In contrast, apo-RSP was crystallized in the closed
form. The S-Rex dimer also showed a closed conformation when
bound to one or two molecules of NAD+ (PDB 3KEO and 3KEQ).
B-Rex with bound NADH or ATP showed an extended conformation
with stretched-out NTD, but only the ADP moiety was seen (Wang
et al., 2008). Taken together, these observations suggest that the
Rex-family proteins might be ﬂexible as a free dimer, or when
bound to NAD+ (or ADP).
4.2. Differences in the NAD+/NADH binding modes of aerobic and
anaerobic Rex-family members
In the RSP/NADH and T-Rex/NADH complexes, each monomer
binds to a NADH molecule, and the nicotinamide ring takes the
anti-conformation. Although the nucleotide binds to equivalent
site in each repressor, the binding mode is symmetric for RSP but
asymmetric for T-Rex (Fig. 5A). In T-Rex the side chains of
Phe189 are rearranged into two different conformations to accom-
modate two NADH. For comparison, in RSP, Leu195 residues takethe same conformations. Importantly, the transition of Phe189 is
considered to play a key role in adjusting the interdomain orienta-
tion in response to NADH (McLaughlin et al., 2010; Sickmier et al.,
2005).
In the RSP/NAD+/TRR complex (TRR to show its difference from
Rop), two NAD+ molecules were bound to a dimer. In the T-Rex/
NAD+/Rop complex only one well-deﬁned NAD+ was observed in
a dimer. In either case the syn-nicotinamide interacts with the
pyrophosphate group and amino acids from both monomers. Each
nicotinamide ring has a 5 Å spatial extension and a 10 Å distance
is minimum for two rings (Guillot et al., 2003). In T-Rex/NAD+/Rop,
because of the relatively close distance predicted for a pair of
bound NAD+ molecules (7 Å) (McLaughlin et al., 2010), such prox-
imity would lead to strong electrostatic repulsion between the
positive charges of two nicotinamide rings. The asymmetric posi-
tioning of Phe189 in T-Rex is expected to enhance the electrostatic
repulsion (McLaughlin et al., 2010). In contrast, the 12 Å distance in
RSP/NAD+/TRR dimer is long enough to accommodate two mole-
cules of NAD+ (Fig. 5C), and the binding mode retains an overall
dyad symmetry. The two Leu195 in RSP, equivalent to Phe189 in
T-Rex, are also in symmetric arrangement and have little effect
on the electrostatic repulsion (Fig. 5B).
All these NAD+/NADH binding motif variations may contribute
to the different NADH-inducing mechanisms of aerobic and anaer-
obic Rex-family members. Another aerobic Rex-family member, S-
Rex from Streptococcus agalactiae, represent the only other struc-
ture solved in NAD+-bound form. Three complex structures have
been released by PDB (Table S1). Two of them (3KEQ and 3KEO)
are dimers bound to one or two NAD+ molecules. The third struc-
ture 3KET in the DNA-bound form also has one NAD+ in each
monomer. However, these structures are not well documented,
and they remain to be further analyzed to investigate the
signiﬁcance.
Fig.6. Interactions of RSP with its operator DNA and the comparison of TRR speciﬁcity. (A) The operator DNA sequences in the complex structures of RSP (TRR) and Rex (T-Rop
and S-Rop) are aligned. TRR1 and TRR2 represent the two complementary DNA strands used in crystallizing the RSP/NAD+/DNA complex and TRR is the averaged sequence
used in the X-ray model. The palindromic binding sites are colored red and the conserved substitutions in TRRs are colored green. (B) The RSP-DNA contact region is presented
as a schematic diagram of the half-site. The dyad is shown as an oval at the right, and the nucleosides are drawn as pink and yellow boxes for the two DNA strands, with
orange spheres representing the phosphate groups. Participating amino acid residues are divided into two groups and connected to the corresponding regions of DNA by blue
lines. (C) Left, the RSP–DNA binding half-site, centered on helix a3 and Thy306, is shown as a cartoon drawing. The DNA sequence refers to the magenta strand. Right,
different interactions of T-Rex and RSP with the DNA bases are shown in details. The nucleotides are shown as thin stick models and the protein residues as thick sticks. The
carbon atoms in T-Rex/Rop and RSP/TRR are colored yellow and cyan, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)
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members
In the RSP/NAD+/TRR complex, 11 of the 17 HBs involve the
sugar-phosphate backbone of DNA (Table S3), and these are not sup-
posed to contribute to sequence speciﬁcity. Fourof the remaining six
bonds involve the bases of Thy303 (O2), Thy304 (O2) and Gua305
(O6 and N7) in the ﬁrst segment 50-ATTG-30. The other two bonds
involve Thy315’ (O4) and Ade316’ (N7). When they are compared
with those in the DNA-complex structures of T-Rex and S-Rex, all
are conserved except (1) the substitution of Thy303 by a Cyt in T-
Rop, which also has an O2 atom to bind to the backbone N of Gly63
and form a similar interaction, and (2) the substitution of Ade316’
by a Cyt in both T-Rop and S-Rop. By alignment, this AT/GC base pair
is the only conserved substitution in the minimum palindromic
binding site of aerobic (Thermus and Streptococcus) and anaerobic
(Thermoanaerobacterales) Rex family members (McLaughlin et al.,
2010;Pei et al., 2011) (Fig. 6A).We foundbyelectrophoreticmobility
shift assay (EMSA) that the substitution at Ade316’ dramatically
reduced the afﬁnity between RSP and operators (Pei et al., 2011).
These differences are also indicated in the recent analysis by
Ravcheev et al. (2012), which showed that the operator motifs in
Clostridia, a class of obligate anaerobes including Thermoanaerob-
acter, deviate in two positions from the generalized Rop consensus.
These correspond to the Thy307-Ade316’ base pair in the RSP/
NAD+/TRR complex. In other Rop sequences the equivalents are
Gua5-Cyt14’, with purine to pyrimidine substitutions. Upon
sequence alignment, we found two major variations in the protein,
corresponding to Ser47 and Gln51 in RSP (Fig. 2C, 6C), that attri-
bute to this Rop sequence speciﬁcity. The purine N7 atom of
Ade316’ forms a HB to the side-chain OG of Ser47, which is
replaced by a Phe in T-Rex. The HB interaction is replaced by a
stacking interaction with the pyrimidine base there. Substitutionsof the neighboring Gln51 in RSP by a Lys in T-Rex results in two
HBs with the purine base of Gua, while Gln51 in RSP interacts with
Thy317’ (Fig. 6C).
The Rex-family repressors have gone through a long course of co-
evolution with their cognitive operators. Consequently the protein
andDNAsequences are characterizedby signiﬁcant variations indif-
ferent groups of organisms despite the broadly overall conservation.
Taken together, these variations explain the different Rop sequences
recognized by anaerobic and aerobic Rex-family members.
4.4. A revised structural bases for redox-sensing mechanism by
anaerobic Rex-family members
Previous studies of T-Rex showed that the switching mecha-
nism between open and closed dimers involves Arg16, Tyr98 and
Asp188’ and is strictly conserved in aerobic Rex family members.
Asp188’ was expected to play a key role in NAD+/NADH sensing.
The side chain of Arg16 is salt bridged to Asp188’ in the open form,
but Asp188’ turns to interact with Tyr98 in the closed form. Muta-
tions at these three positions prevented Rex from detectable asso-
ciation with DNA fragment (McLaughlin et al., 2010). Although
Arg20 and Tyr102 in RSP are equivalent to Arg16 and Tyr98 in T-
Rex, Asp188’ in T-Rex is replaced by His194’ in RSP, which does
not interact with Arg20 or Tyr102 (Fig. 7A). Besides, the Tyr98 is
also not conserved in anaerobic microbes. This substitution by
His is conserved in anaerobic organisms (Fig. 2C), indicating differ-
ent structural bases for NAD+/NADH sensing between aerobic and
anaerobic Rex family members.
The swapping of C-terminal helices a8a/a8b appears to play a
pivotal role in the RSP conformation change. Upon NADH binding,
the loop of Val193-Leu195 is ﬂipped over for two HBs formations
with the anti-nicotinamide. The helices a8a/a8b moves along with
the loop, triggering a new HB formation between the nearby
Fig.7. NAD+/NADH exchange and redox-sensing mechanisms proposed for the anaerobic Rex-family members. (A) The view of RDY triad residues (yellow) in T-Rex switching
when bound to NAD+ or NADH. The equivalent RHY residues in RSP are shown in cyan. HBs are indicated by black dashes. (B) The different interactions of domain-swapped
helices in RSP complexes when NAD+ or NADH is bound. The domain-swapped helices a8a/8b and the corresponding residues are shown in cyan or green cartoon model
when NAD+ or NADH is bound. (C) A proposed model for NAD+/NADH exchange mechanism of the anaerobic Rex-family members. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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HBs lift the ﬂexible head (loop) of the domain-swapped helix and
trigger the drop of the tail (a8b) of it. The drop of the domain-
swapped helix a8b, which intercalates between NTD and CTD,
can serve as a driving force of DNA-binding domain closure. Upon
this shifting, some new HBs are formed between the domain-
swapped helix and the other monomer (Fig. 7B). Asn207 rotates
to form a HB with Lys83’ instead of Tyr85’. Glu210 cannot form a
HB with Lys83’ upon rotation. Glu208 forms a HB with Val7’. All
these HBs help ﬁx the position of the swapped helix. A proposed
redox-sensing mechanism based on the structural data is shown
in Fig. 7C. The mutagenesis of these key residues to validate the
mechanism is in progress.5. Conclusions
This paper presents the structure of RSP, the ﬁrst representative
Rex-family repressor from an obligate anaerobe, bound to NADHand in ternary complex with NAD+ and DNA. The repressor pro-
teins and operator DNA sequences of anaerobes and aerobes differ
signiﬁcantly, which are reﬂected in the molecular interactions
when we analyze and compare the DNA complex structures of
RSP and Rex. Through these structures, a comprehensive picture
is clearly seen about how RSP works with the operator and cofac-
tor. When bound to DNA, it adopts an open conformation and the
complex contains a NAD+ in each monomer. When NAD+ is
replaced by NADH, RSP adopts a closed conformation by domain
rotation of 21–26. The two distinct orientations of nicotinamide
ring, syn in NAD+ and anti in NADH, give rise to two different sets
of protein–ligand interactions. The stronger interactions between
RSP and NADH favor the formation of a closed dimer, which does
not bind to the operator DNA, resulting in the induction of etha-
nol-producing genes. The key residues Ser47, Gln51, Trp175,
Val193, Leu195 discussed in this study are all conserved in anaer-
obic organisms. We believe the RSP structures and NADH-induced
conformation changes can represent the redox-sensing mechanism
of anaerobic Rex family members.
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